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Abstract
 .Photo-reactive epidermal growth factor EGF was synthesized by coupling EGF with azidobenzoic acid and was
immobilized onto the wells of a polystyrene culture plate by photo-irradiation. The photo-immobilized EGF enhanced the
growth of anchorage-dependent cells more than native or azidobenzoyl derivatized EGF. A small amount of photo-immobi-
lized EGF was sufficient to enhance the growth of cells and the maximal mitogenic effect was greater than that of native or
derivatized EGF. On the other hand, the photo-immobilized EGF did not enhance growth of anchorage-independent cells. In
addition, signal transduction in the cells adhered only on the EGF-immobilized surface was observed by staining of
phosphotyrosine residues by anti-phosphotyrosine antibodies. These results showed that the enhanced cell growth was due
to direct interaction between the cells and the immobilized EGF. Photo-immobilization could be a universal means of fixing
growth factors onto an artificial matrix that is devoid of chemically functional groups scaffolding growth factors and could
provide a new tool to elucidate signal transduction mechanism and could lead to the development of a new protein-free cell
culture system or tissue engineering materials. q 1997 Elsevier Science B.V.
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1. Introduction
Chemical modification of biological signaling
molecules such as hormones and growth factors, with
a soluble or insoluble supporting matrix is important
Abbreviations: DCC, dicyclohexylcarbodiimide; DMEM, Dul-
becco’s modified Eagle’s minimum essential medium; DMF,
N, N-dimethylformamide; EDTA, ethylenediaminetetraacetic acid;
EGF, epidermal growth factor; FBS, fetal bovine serum; HPLC,
high performance liquid chromatography; PBS, phosphate-
buffered saline; RT, room temperature; TCA, trichloroacetic acid;
TFA, trifluoroacetic acid; THF, tetrahydrofuran; UV, ultraviolet
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for elucidating the sites and mechanisms of signal
transduction or isolating receptors. It is also impor-
tant to clinical therapeutics in areas such as drug
delivery and tissue regeneration systems. Signaling
molecules exert diverse biological effects by binding
to and activating cell surface receptors, which, in
turn, activate intracellular signaling pathways. How-
ever, the interaction of conjugated hormones and
growth factors with cells is poorly understood.
We showed that insulin immobilized on surface-
modified matrices enhanced the growth of
anchorage-dependent cells to a greater extent than
w xfree insulin 1–5 . We also demonstrated that, al-
though more time was required for immobilized in-
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sulin to stimulate insulin receptors on Chinese ham-
 .ster ovary CHO cells than that for free insulin,
receptor activation persisted for longer periods with
w ximmobilized ligand 6 .
In the present study, mouse epidermal growth
 .factor EGF was chemically modified and covalently
immobilized on a tissue culture plate made of
polystyrene. EGF is a member of a family of growth
factors that are derived from membrane-anchored,
w xbiologically active precursors 7,8 . These precursors
activate cognate receptors on adjacent cells and com-
municate by ‘juxtacrine stimulation’. These mecha-
nisms were deduced from studies of intercellular
regulation by paraformaldehyde-fixed cells that ex-
w xpress the growth factor 8 . Therefore we developed
another immobilization method to fix the growth
factor to common tissue culture plates. EGF was
immobilized onto polystyrene by means of ultraviolet
 .UV irradiation and the mitogenic activity was in-
vestigated.
2. Materials and methods
2.1. Materials
Mouse EGF was purchased from Toyobo Osaka,
. 125Japan . I-EGF, of which tyrosine residues were
labeled with radioactive iodine by chloramine T
method, was purchased from Daiichi Chem. Tokyo,
.Japan . Anti-EGF IgG was purchased from Becton
 .Dickinson Labware Bedford, MA . Microscinte-20
was a product of Canberra Company the Nether-
.  .lands . Trichloroacetic acid TCA and Clear Sol 1
 .were purchased from Nacalai Tesque Kyoto, Japan .
 .N, N-dimethylformamide DMF and acetonitrile were
 .purchased from Wako Pure Chem. Osaka, Japan .
 .Dicyclohexylcarbodiimide DCC and 4-azidobenzoic
acid were purchased from Tokyo Kasei Co. Tokyo,
.Japan . N-hydroxysuccinimide was purchased from
 .the Protein Institute Minoh, Japan . Tissue culture
 .polystyrene plates with 24 wells Sumilon were pur-
 .chased from Akita Sumitomo Bake Co. Akita, Japan .
w  .The cell counting kit containing 4- 3- 4-iodophenyl -
 . x2- 4-nitrophenyl -2 H-5-tetrazolio -1,3-benzene disul-
fonate was purchased from Dojin Chem. Kumamoto,
.Japan . Anti-phosphotyrosine antibody was purchased
 .from Santa Cruz Biotechnology Santa Cruz, CA .
Rhodamine conjugated antibody was purchased from
 .Protos Immunoresearch San Francisco, CA . Vec-
tashielde mounting medium for fluorescence was
purchased from Vector Laboratories Burlingame,
.CA .
2.2. Preparation of photo-immobilized EGF
A synthetic scheme of the photo-immobilization
procedure is shown in Fig. 1. EGF was coupled with
 .N- 4-azidobenzoyloxy succinimide. An aqueous solu-
tion of the EGF derivative was then added to the
wells of a polystyrene plate and the water was com-
pletely evaporated. The plate was irradiated with an
ultraviolet light.
 .N- 4-azidobenzoyloxy succinimide was prepared
and coupled to the polypeptide as described by Mat-
w x suda and Sugawara 9 . A solution of DCC 13.3 g,
.  .64.6 mmol in tetrahydrofuran THF, 50 ml was
added dropwise to a solution of N-hydroxysucci-
 .nimide 7.43 g, 64.6 mmol and 4-azidobenzoic acid
 .  .9.57 g, 58.7 mmol in THF 150 ml , then cooled in
an ice bath under stirring. After 3 h, the reaction
mixture was warmed slowly to room temperature,
then stirred overnight. The white solid that formed
was filtered off and the solvent was removed under
reduced pressure. The yellow residue obtained was
crystallized from isopropyl alcoholrdiisopropyl ether.
 .EGF 0.1 mg, 16.5 nmol was added to a solution
 . of N- 4-azidobenzoyloxy succinimide 0.43 mg, 1.65
. mmol in DMF and phosphate-buffered saline PBS,
.  .pH 7.4 DMF:PBSs4:1; 1 ml , with stirring in an
ice bath. The solution was continuously stirred for 72
h at 48C, then ultrafiltrated Millipore MoleCutII,
.cut-off below 3 kDa .
The product was analyzed by high performance
 . liquid chromatography HPLC column, Cosmosil
5C18-AR purchased from Nacalai Tesque Kyoto,
.Japan ; eluent, a linear gradient from 0.05% trifluoro-
 .acetic acid TFA r20% acetonitrile to 0.05%
TFAr60% acetonitrile; elution rate, 1.0 mlrmin for
20 min; temperature, 308C; detection, absorbance at
.280 nm .
Photo-immobilization was carried out as follows.
Aqueous solutions of various concentrations of the
 .azidobenzoyl-derivatized EGF 0.1 ml were added to
 .24 wells diameter, 18 mm of polystyrene tissue
culture plates. After being air-dried, the plate was
( )G. Chen et al.rBiochimica et Biophysica Acta 1358 1997 200–208202
Fig. 1. Preparative scheme of photo-immobilized EGF.
irradiated for 10 s using a UV lamp Koala 25, 100
.V at a distance of 5 cm. Thereafter, the plate was
repeatedly washed with PBS. The effectiveness of
washing was confirmed by using 125I-EGF immobi-
lized to a plate. The 24-well plate was disinfected
 .with 70% vrv ethanol and washed with sterilized
PBS for biological experiments.
Azidobenzoyl-derivatized 125I-EGF was also pre-
pared and immobilized onto polystyrene plates by
photo-irradiation. Thereafter, the plate was repeatedly
washed with PBS until the release of 125I-EGF be-
 .came undetectable. Microscinte-20 1 ml was then
added to the 125I-EGF-immobilized wells and the
radioactivity levels were measured.
2.3. Cell culture and growth assay
Mouse fibroblast STO and Chinese hamster ovary
 .cells CHO-K1 were subcultured in Dulbecco’s
modified Eagle’s minimum essential medium
 .  .  .DMEM with 10% vrv fetal bovine serum FBS
 .and in Ham’s F12 medium containing 10% vrv
FBS, respectively. The media were purchased from
 .Nissui Pharm. Co. Tokyo, Japan . Mouse hybridoma
Tg1-1HMS cells were subcultured in PM-1000
 .medium with 0.2% vrv FBS. The medium was
 .provided by Eiken Chem. Co. Tokyo, Japan .
The STO and CHO-K1 cells were harvested from
 .culture flasks with PBS containing 0.15% wrv
 .  .trypsin 2000 unitrg and 0.02% wrv ethylenedi-
 .aminetetraacetic acid EDTA , without either calcium
or magnesium ions. The STO and CHO-K1 cells
were washed once with DMEM and Ham’s F12
containing FBS and once with DMEM and Ham’s
F12, respectively. They were suspended in DMEM
 4 .and Ham’s F12 2=10 cellsrwell, 1 ml , respec-
tively, and incubated in 24-well polystyrene plate in
the presence of EGF derivatives under 5% CO in air2
at 378C for 48 h. Cell growth was estimated by the
amount of 3H-thymidine uptake. After 45 h, the cells
were incubated in the presence of 3H-thymidine for a
further 3 h. Subsequently, they were washed once
with PBS and three times with ice-cooled TCA 10
.wt% , then hydrolyzed with 0.5 N NaOH. The hydro-
lyzate was mixed with Clear Sol and the level of
radioactivity in the mixture was measured.
Tg1-1HMS cells were harvested from suspension
culture flasks by centrifugation. After washed once
with PM-1000 medium containing FBS and once
with PM-1000 medium, the cells were suspended in
PM-1000 medium, then incubated in 24-well
 4 .polystyrene plate 2=10 cellsrwell, 1 ml in the
presence of EGF derivatives under 5% CO in air at2
378C for 48 h. The cell number was photometrically
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estimated using the cell counting kit as described
w x10 .
2.4. EGF association with cell
STO, CHO-K1 and Tg1-1HMS cells were cultured
in the presence of free, derivatized and immobilized
125I-EGF under the same conditions as described
above. After 48 h culture, the radioactivity levels in
the culture media were measured. The STO and
CHO-K1 cells were harvested by pipetting in calcium
and magnesium-free PBS containing 0.02 wt% EDTA
at 378C. The Tg1-1HMS cells were harvested by
pipetting. The complete removal of cells from the
plates by these treatments was confirmed by an opti-
cal microscope. The radioactivity level was measured
with a g-counter to determine the total amount of
EGF that was either incorporated into, or adsorbed
onto the cells.
2.5. Obser˝ation of cells by immunofluorescence mi-
croscopy
EGF was immobilized on a prescribed surface of
plate as follows. The azidobenzoyl-derivatized EGF
 .50 mgrml, 0.1 ml was cast on the wells of
polystyrene tissue culture plate. After being air-dried,
half of the well surface was covered with a black
paper and irradiated for 10 s using a UV lamp at a
distance of 5 cm. Thereafter, the plate was repeatedly
washed with PBS. To confirm the immobilization of
EGF, the plate was stained using anti-EGF antibod-
ies. The plate was immersed in PBS containing 0.02%
 .NaN and 3% bovine serum albumin BSA at 48C3
for 24 h and subsequently incubated with anti-EGF
 .IgG antibody 2 mgrml diluted in PBS containing
0.02% NaN and 3% BSA at 48C for 12 h. After3
being washed with PBS containing 0.02% NaN3, the
plate was incubated in PBS containing rhodamine-
 .conjugated anti-mouse IgG antibody 2 mgrml and
0.02% NaN at 48C for 12 h. The stained plate was3
washed with PBS and observed under a fluorescence
 .microscope Olympus Co., Tokyo, Japan .
CHO-K1 and STO cells were cultured on the
plates immobilized with EGF on a prescribed area in
the serum-free DMEM and Ham’s F-12, respectively,
under 5% CO in air at 378C for 2 h. Then, the cells2
were fixed for 30 min at 48C with 3% paraformal-
dehyde in PBS. The fixed cells were washed three
times with PBS containing 1 mM Na VO . Subse-3 4
quently, the cells were permeabilized with PBS con-
taining 0.25% Triton X-100 and 1 mM Na VO and3 4
washed three times with 50 mM Tris–HCl-buffered
solution containing 150 mM NaCl and 0.1% Triton
 .X-100 TBST, pH 7.4 and 1 mM Na VO . After an3 4
overnight incubation at 48C in TBST containing 1.5%
normal goat serum and 1 mM Na VO , the treated3 4
cells were incubated for 2 h at RT with a solution of
anti-phosphotyrosine mouse IgG diluted to 1r100
 .fold with 50 mM Tris–HCl pH 7.4 , 150 mM NaCl,
 .0.01% Tween 20, 0.02% NaN , 1 mM Na VO TBS3 3 4
containing 3% BSA. The cells were washed once
with TBS, once with TBST and once with TBST
containing 0.1% BSA. A solution of rhodamine-con-
jugated anti-mouse IgG antibody was diluted to
1r200 fold with TBS containing 3% BSA and incu-
bated with the cells for 2 h at RT. The cells were
washed three times for 5 min each with TBST, three
times with PBS, briefly rinsed with distilled water
and then mounted in Vectashielde mounting medium.
They were observed by fluorescence microscopy.
3. Results
3.1. Preparation of photo-immobilized EGF
Fig. 2 shows the elution profiles of 4-azidobenzoic
 .acid, N- 4-azidobenzoyloxy succinimide, EGF and
the modified EGF by HPLC. The retention time of
 .N- 4-azidobenzoyloxy -succinimide was longer than
that of 4-azidobenzoic acid due to an increase in the
hydrophobicity. The retention time of the EGF
derivative was longer than that of native EGF be-
cause of the connection with a hydrophobic azi-
dobenzoyl group. The UV spectrum of derivatized
EGF showed that 1.03"0.06 azidobenzoyl groups
are contained in one molecule of EGF. EGF has only
one amino group at the N-terminal, to which the
azidobenzoyl group was considered to bind.
The EGF derivative was dissolved in water and
dropped into 24 wells of a polystyrene plate. The
culture matrix was dried in air and photo-irradiated
for 10 s. When culturing cells on immobilized EGF,
w xthe absence of EGF leakage should be confirmed 6 .
Therefore, the EGF-immobilized matrices were
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 .  .Fig. 2. HPLC elution profile of a 4-azidobenzoic acid, b
 .  .  .N- 4-azidobenzoyloxy -succinimide, c native EGF and d azi-
dobenzoyl-derivatized EGF.
washed at least thirty times until there was no de-
 .tectable EGF in the washing liquid Fig. 3 .
The amount of photo-immobilized EGF increased
Fig. 3. Radioactivity levels in washing solutions of 125I-EGF-im-
mobilized substratum.
Fig. 4. The amount of immobilized EGF calculated from the
radioactivity level of 125I-EGF versus the amount of coated EGF
derivative. Bars represent the standard deviations, ns6.
with the amount of EGF derivative coated onto the
 .substratum Fig. 4 . Assuming a monolayer forma-
tion, the calculated surface concentration of the EGF
2  .derivative was about 130 ngrcm 0.33 mgrwell .
The concentration of the EGF immobilized on
polystyrene plate exceeded 0.33 mgrwell, suggesting
formation of a multilayer.
 .Fig. 5. Growth rate of Chinese hamster ovary CHO-K1 a ,
 .mouse fibroblast STO b and mouse hybridoma Tg1-1HMS cells
 .  .  .c in polystyrene plates in the presence of ‘ native, v
 .azidobenzoyl-derivatized and ^ photo-immobilized EGF. The
 .  .relative growth rate of cells a and b calculated from the
amount of 3H-thymidine incorporated into cells cultured on
polystyrene tissue culture plates in the absence of EGF or the
EGF derivatives was taken as 1.0. The relative cell growth rate
 .c calculated from the photometric absorbance of cells cultured
in the tissue culture plates in the absence of EGF or EGF
derivatives was taken as 1.0. Bars represent the standard devia-
tions, ns6.
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3.2. Cell growth in the presence of photo-immobilized
EGF
Mouse fibroblast STO cells and Chinese hamster
ovary CHO-K1 cells were cultured in the presence of
 .various EGF derivatives Fig. 5a and b . The incorpo-
ration of azidobenzoyl groups into EGF slightly re-
duced its mitogenic activity. On the other hand, small
amounts of immobilized EGF ;10% of the amount
.of the native EGF or the azidobenzoyl-derivative
were sufficient to enhance the cell growth. In addi-
tion, the maximal mitogenic effect of the immobi-
lized EGF was much higher than that of the water-
soluble EGF derivatives. The growth-enhancing ef-
fect tended to level off in the region of concentrations
corresponding to monolayer formation on the surface.
The photo-immobilized EGF did not enhance the
 .growth of mouse hybridoma cells Fig. 5c . Water-
soluble EGFs enhanced the cell growth more than the
immobilized EGF. It was considered that there was
not enough interaction between the immobilized EGF
and the receptor to affect signal transduction because
the cells were anchorage-independent.
3.3. Fate of photo-immobilized EGF
A study with radioactive EGF showed that the
native EGF and the azidobenzoyl-derivatized EGF
 .Fig. 6. Micrograph of immunofluorescence staining of immobilized EGF with anti-EGF antibody a , optical micrograph of adhered
 .CHO-K1 and STO cells after 2-h culture b and d, respectively and the corresponding immunofluorescence staining of the CHO-K1 and
 .STO cells with anti-phosphotyrosine antibody c and e, respectively .
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Table 1
Fate of EGF derivatives during cell culture
a .Sample Cell Radioactivity cpmrwell
before culture after cell culture
in cell in medium
Native EGF CHO-K1 11050 131"18 10896"31
STO 11050 226"14 10801"46
Tg1-1HMS 11050 251"31 10791"75
Azidobenzoyl-derivatized EGF CHO-K1 11050 120"33 10897"56
STO 11050 218"32 10817"27
Tg1-1HMS 11050 240"50 10795"89
Photo-Immobilized EGF CHO-K1 10774 0"5 0"7
STO 10774 0"3 0"8
Tg1-1HMS 10774 0"6 0"4
a  4 .STO, CHO-K1 and Tg1-1HMS cells 2=10 cellsrwell were incubated in a 24-well polystyrene plate in serum-free medium in the
125  . 125  . 125  .presence of immobilized I-EGF 415 ngrwell , native I-EGF 500 ngrwell or azidobenzoyl-derivatized I-EGF 500 ngrwell
under 5% CO in air at 378C for 48 h. After 48 h culture, culture media were collected and centrifugated. The radioactivity levels in the2
supernatant were measured. The STO and CHO-K1 cells were harvested by pipetting in calcium and magnesium-free PBS containing
0.02 wt% EDTA at 378C. The Tg1-1HMS cells were harvested by pipetting. The complete removal of cells from the plates by these
treatments was confirmed by an optical microscope. After harvest, the cells were washed three times with PBS and the radioactivity levels
in the cells were measured with a g-counter. The results are the means of triplicates. " values indicate standard deviation.
were internalized into the cells during culture Table
.1 . However, the photo-immobilized EGF was neither
released into the culture medium nor internalized into
the cells. This lack of internalization probably caused
the high mitogenic activity by inhibiting the down-
regulation of EGF receptors.
3.4. Signal transduction
Staining of EGF-immobilized plate with anti-EGF
antibodies shows the immobilization of EGF on a
 .prescribed area of polystyrene plate Fig. 6a . STO
and CHO-K1 cells adhered on the plate indepen-
 .dently on the immobilized EGF Fig. 6b and d .
However, only the cells on the immobilized EGF
region were stained by anti-phosphotyrosine antibody
 .Fig. 6c and e . These findings indicated that the
immobilized EGF did not enhance cell adhesion but
transduced a signal to the cells through phosphoryla-
tion of tyrosine residues of signal proteins.
4. Discussion
w xEGF conjugated with fluorescein 11,12 , urogas-
w x w xtrone 13 , ricin A 14–16 , Pseudomonas endotoxin
w x w x16 , Pseudomonas exotoxin 17 , diphtheria toxin
w x w x w18 , b-amanitin-poly-L-ornithine 19 , dextran 20–
x w x22 or fusion peptides 23 binds to EGF receptors
and the conjugates exhibit varying degrees of mito-
genic activity. The present study demonstrated that
the mitogenic effect of immobilized EGF was greater
than that of free EGF and thus smaller amounts of
immobilized growth factor were sufficient to enhance
cell growth. The local concentration of EGF on the
surface would be sufficient to promote effective in-
teraction with the EGF receptors of adsorbed cells.
The greater mitogenic effect of photo-immobilized
EGF probably results from the fact that the complex
of immobilized EGF with the EGF receptor cannot be
internalized and therefore, receptors are not down-
regulated as shown in Fig. 7. We concluded this from
w xthe findings using immobilized insulin 6 . It is also
possible that by preventing the lateral diffusion of
activated receptors in the cell membrane, immobi-
lized EGF reduces the opportunity for the receptors
to encounter inhibitory regulators such as tyrosine
phosphatases or serinerthreonine kinases.
w xWakshull and Wharton 24 have shown that con-
canavalin A stabilizes complexes of EGF with its
receptor, thus inhibiting receptor endocytosis, and
that when the stabilized complex is located at the cell
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Fig. 7. Schematic representation of the interaction between cell
and soluble EGF and immobilized EGF. Soluble EGF interacts
with the cell to form a complex with the receptor, that is
internalized. In contrast, insoluble EGF interacts with the cell for
a long period without internalization.
surface, there is an acute biological response to EGF
 .RNA, but not DNA synthesis . However, cells ex-
pressing recombinant internalization-deficient mutant
w xEGF receptors are fully activated by EGF 25–28 .
Various native extracellular matrices and adhesion
factors also activate intracellular signaling pathways
by interacting with integrins, without inducing inte-
w xgrin internalization 29–31 .
In addition, EGF stimulates cell growth in the
membrane-anchored state, according to the mode of
intercellular communication known as juxtacrine
w xstimulation 7,8 . EGF was the first polypeptide mito-
gen to be identified and it is the prototype of a large
family. Members of the EGF family stimulate EGF
receptor phosphorylation, mitogenesis, and Ca2q up-
take, which is termed ‘juxtacrine stimulation’. This
study demonstrated artificial juxtacrine stimulation
with immobilized EGF. The lack of an effect of
photo-immobilized EGF on anchorage-independent
cells demonstrated the importance of direct interac-
tion between cells and the immobilized EGF. In
addition, the signal transduction in the cells adhered
on the immobilized EGF region directly demon-
strated the interaction. This technique will be useful
to investigate the signal transduction mechanism.
On the other hand, it is important to enhance the
mitogenic effect in terms of the usefulness of this
approach for various cell culturertissue engineering
purposes. We previously reported that Chinese ham-
ster ovary cells overexpressing insulin or EGF recep-
tors responded to insulin or EGF immobilized on
 .surface-hydrolyzed poly methyl methacrylate film,
respectively, more than STO, CHO-K1, or endothe-
w xlial cells 6,32 . It will be useful to enhance the
sensitivity of cells by gene transfection for cell cul-
ture engineering. In addition, from a standpoint of
material design for tissue engineering, coimmobiliza-
tion with adhesion factor proteins such as collagen
and fibronectin will be effective on the enhancement
of the mitogenic effect of immobilized growth factors
w xas previously reported 3–5,33,34 .
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